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We isolated cog-3(ku212) as a C. elegans egg-laying defective mutant that is associated with a connection-of-gonad defective phenotype. cog-3
(ku212) mutants appear to have no connection between the vulval and the uterine lumens at the appropriate stage because the uterine lumen develops
with a temporal delay relative to the vulva and, thus, is not present when the connection normally forms. The lack of temporal synchronization
between the vulva and the uterus is not due to precocious or accelerated vulval development. Instead, global gonadogenesis is mildly delayed relative
to development of extra-gonadal tissue. cog-3(ku212) mutants also have a specific uterine fate defect. Normally, four cells of the uterine π lineage
respond via their LET-23 epidermal growth factor-like receptors to a vulval-derived LIN-3 EGF signal and adopt the uterine vulval 1 (uv1) fate. In
cog-3(ku212) mutants, these four π progeny cells are set aside as a pre-uv1 population but undergo necrosis prior to full differentiation. A gain-of-
function mutation in LET-23 EGF receptor and ectopic expression of LIN-3 EGF within the proper temporal constraints can rescue the uv1 defect,
suggesting that a signaling defect, perhaps due to the temporal delay, is at fault. In support of this model, we demonstrate that lack of vulval–uterine
coordination due to precocious vulval development also leads to uv1 cell differentiation defects.
© 2006 Elsevier Inc. All rights reserved.Keywords: cog-3; Uterus; lin-3; lin-28; uv1; C. elegans; Temporal development; ida-1; let-23; Necrotic cell deathIntroduction
Precise spatial and temporal control of cell fate determination
and differentiation is essential for development of multicellular
organisms. Diverse cells must not only execute fate decisions
and morphogenesis programs at the correct position but also at
the appropriate time. Indeed, many biological functions require
interaction of different organs and tissues that must be
coordinated spatially and temporally. For example, egg laying
in Caenorhabditis elegans requires that a connection form
between the lumens of the uterus in the somatic gonad and the
vulva in the extra-gonadal epithelium. Cell–cell interactions
between gonadal and vulval cells play an important role in
maintaining the integrity of the lumenal connection during
morphogenesis and egg laying. Two specialized cell types of the⁎ Corresponding author. 201 Life Science Building, room 104D, The
Pennsylvania State University, University Park, PA 16802, USA.
E-mail address: wxh21@psu.edu (W. Hanna-Rose).
0012-1606/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2006.08.024ventral uterine π lineage are integral components of the uterine–
vulval connection. These are the syncytial uterine seam (utse)
cell, which overlies the vulval lumen, and the four uterine–
vulval (uv1) cells, which directly contact the most dorsal vulval
cell vulF (Newman et al., 1996) (Fig. 1B).
A single gonadal cell called the anchor cell (AC) is the source
of inductive signals that specify both the ventral uterine π fate
and the vulval fates (Fig. 1A). Thus, the AC acts to coordinate at
least some spatial and temporal aspects of uterine and vulval
development. The AC induces three underlying vulval precursor
cells to adopt vulval fates via production of a LIN-3 epidermal
growth factor (EGF) signal that stimulates the LET-23 EGF
receptor on the receiving vulval precursor cells (Aroian et al.,
1990; Hill and Sternberg, 1992). Production of a second ligand
by the AC, likely LAG-2 (Newman et al., 2000), stimulates the
LIN-12/Notch receptor on six adjacent ventral uterine interme-
diate precursor cells (three per side of the animal), causing them
to adopt the π fate (Newman et al., 1995). Each π cell then
divides once along the dorsal–ventral axis to give rise to twelve
Fig. 1. Development of the vulval–uterine connection. (A) The anchor cell, AC,
induces three underlying vulval precursor cells to adopt vulval cell fates and six
(three per side of the gonad) adjacent ventral uterine intermediate precursor cells
to adopt the π fate instead of the default ρ fate. (B) The four ventral outer π
progeny differentiate as uv1 cells in response to LIN-3 signal expressed by the
vulF cell. The remaining π progeny fuse to form the multinucleate uterine seam
(utse) cell that will subsequently fuse to the AC.
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π progeny fuse to form the multinucleate utse cell, and the four
outer, ventral π progeny adopt the distinct uv1 fate. LIN-3–LET-
23 signaling is used again to specify uv1 fate (Fig. 1B) (Chang et
al., 1999). The four outer ventral π progeny express the LET-23
receptor (we call these “pre-uv1” cells) and respond to LIN-3
ligand expressed by the vulF cell of the primary vulval lineage
(Chang et al., 1999; Hwang and Sternberg, 2004). Mutations in
genes of the LIN-3/LET-23/Ras signaling pathway compromise
uv1 fate specification. Additionally, mutations of EGL-38 (Pax)
lead to a uv1 to utse fate transformation, reportedly due at least in
part to failure of vulF cells to express LIN-3 (Chamberlin et al.,
1997; Chang et al., 1999; Hwang and Sternberg, 2004). Because
these signaling and receiving cells come from different tissues
and lineages and because the signal is reportedly transient
(Chamberlin et al., 1997; Chang et al., 1999; Hwang and
Sternberg, 2004), productive signaling could be perturbed by
altered temporal development of either the gonad or the soma.
C. elegans develop post-embryonically through four larval
stages divided by molts before adulthood. Heterochronic genesensure that accurate temporal developmental programs are
executed at each developmental stage, and mutations in these
genes cause pronounced precocious or retarded phenotypes
where cellular programs are executed at temporally inappropri-
ate early or late larval stages, respectively. In extra-gonadal
tissues, a set of early genes controls programs from L1 to early
L3. A separate set of late genes controls progress to adulthood
(Ambros, 2000; Rougvie, 2001). Heterochronic genes do not
affect embryogenesis, suggesting that temporal coordination of
embryogenesis is achieved via separate or redundant pathways.
Similarly, known heterochronic pathways have no global effects
on gonadogenesis. Certain mutations in the heterochronic gene
daf-12, which encodes a nuclear hormone receptor, do cause
retarded gonad distal tip cell (DTC) migration programs (Antebi
et al., 1998, 2000), and RNAi of heterochronic gene lin-42,
which encodes a Period family protein, causes highly penetrant
precocious DTC migration (Tennessen et al., 2006), but no
heterochronic mutations are reported to shift the developmental
program of the entire gonad from one stage to another,
suggesting that genes that temporally regulate gonadogenesis
are again redundant or independent of the genes that direct
timing in other tissues.
Here we describe isolation of the cog-3(ku212) mutant, which
uncouples gonadogenesis from its normal progression relative to
the development of the vulva and shares phenotypes with
heterochronic mutations that disturb the temporal coordination
of vulval and uterine development. In cog-3(ku212) mutants, the
entire uterus, including the pre-uv1 cells, is generated at a later
stage of vulval development than is typical. The delayed pre-uv1
cells subsequently die by necrosis leading to the absence of uv1
cells in the adult stage. Our results suggest that uv1 cell fate
specification requires coordinated temporal development of the
vulva and the uterus to ensure sufficient signaling levels or
sufficient duration of inductive and/or differentiation signal.
Materials and methods
Maintenance and culture of C. elegans strains
Unless otherwise stated, strains were grown under standard conditions at
20°C (Brenner, 1974). We used these strains and alleles: N2 (wild type), PS1524
let-23(sa62) unc-4(e120)/mnC1 dpy-10(e128) unc-52(e444) II, MT2551 ced-4
(n1162) dpy-17(e164) III, PS2746 dpy-20(e1282) IV; syEx234[pMH86(dpy-
20+)+ let-23::GFP], PS4308 unc-119(ed4) III; syIs107[lin-3(Δpes-10)::GFP+
unc-119+], SU93 jcIs1[pRF4+pJS191 ajm-1::GFP+C45D3(unc-29+)] IV
(Mohler et al., 1998), LGI: lin-28(n719); LGII: inIs179[ida-1::GFP] (Zahn et
al., 2001); LGIII: kuIs38[cdh-3::GFP], unc-119(ed4); LG IV: ku212; egl-38
(n578); LGV: kuIs29[egl-13::GFP]; LGX: lin-14(n179ts). Additional genetic
information is available at http://www.wormbase.org.
An extrachromosomal array encoding ida-1::GFP is designated Ex[ida-1::
GFP] (Zahn et al., 2001). We generated transgenic lines psEx74 and psEx75 by
injecting 50 ng/μl pRH51 (hs::lin-3extra) (Katz et al., 1995) with 90 ng/μl unc-
119(+) into inIs179; unc-119; egl-38(n578) and inIs179; unc-119; ku212,
respectively.We induced the heat shock promoter by incubating staged animals at
33°C for 30 min followed by culturing at 25°C until adulthood.
Scoring of egg-laying, mating and uv1 fate phenotypes
We plated individual L4 or younger animals and examined each daily until
about 4 days after adulthood. Hermaphrodites that lay no eggs but form the “Bag
of worms” phenotype caused by progeny hatching in the uterus are scored as egg-
Table 1
ku212 causes an Egl defect and a reduced brood size
Genotype % Egl+ % Egl a % partial Egl b % sterile c n Brood of
Egl+±SD
N2 100 0 0 0 Many >250
ku212 18 52 22 8 158 112±32
ku212/+ 100 0 0 0 >200 ND
ND, experiment not done.
a Egl hermaphrodites fail to lay eggs but form the “Bag of worms”
phenotype.
b Partially Egl hermaphrodites lay ≤50 eggs prior to forming a “Bag”.
c Ste hermaphrodites lay no eggs and have no progeny.
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“Bag” are scored as partially Egl. Hermaphrodites that lay no eggs and have no
progeny are scored as sterile (Ste).
We use syEx234[let-23::GFP] to mark the pre-uv1 fate. Among the 12 π
progeny, only the four that will become uv1 (“pre-uv1”) express let-23::GFP
(Chang et al., 1999). We use inIs179[ida-1::GFP] and Ex[ida-1::GFP] to mark
differentiated uv1 cells. ida-1::GFP is expressed in a variety of neurons, but
within the uterus is expressed strongly only in the four uv1 cells beginning in late
L4 (Zahn et al., 2001). Barely detectable ida-1::GFP is expressed in all π cells
and the differentiated utse throughout most of L4. This expression in the entire π
lineage appears slightly brighter in mutants that lack uv1 cells (not shown). Pre-
uv1s and differentiated uv1 are also recognizable based on nuclear position and
morphology via DIC microscopy in L4 and adult animals.
cog-3(ku212) mating assays and genetics
To obtain ku212 heterozygousmales for matings and to test mating efficiency
of ku212 hermaphrodites, we plated six N2 L4 males with one L4 ku212
hermaphrodite and scored the plate for the presence of males after 3, 4 and 5 days.
We crossed N2 males to let-23(sa62) unc-4(e120); Ex[ida-1::GFP] hermaphro-
dites and mated the let-23(sa62) unc-4(e120)/+; Ex[ida-1::GFP] male progeny
to ku212 hermaphrodites. We isolated GFP+cross-progeny of genotype let-23
(sa62) unc-4(e120)/+; ku212/+; Ex[ida-1::GFP] and allowed them to produce
self-progeny. We next picked let-23(sa62) unc-4(e120)/+; ku212; Ex[ida-1::
GFP] animals by identifying GFP+, Muv [10% of let-23(sa62) heterozygotes are
multivulva, Muv], non-Unc animals whose non-Unc progeny had a highly
penetrant Egl phenotype. The GFP+Unc animals from these hermaphrodites are
let-23(sa62) unc-4(e120); ku212; Ex[ida-1::GFP].
We mated the let-23(sa62) unc-4(e120)/+; Ex[ida-1::GFP] males (as above)
to post-dauer lin-28(n719) hermaphrodites. Passage through dauer can suppress
vulval defects of lin-28(n719), allowing the hermaphrodites to mate (Euling and
Ambros, 1996).We proceeded as above to select first homozygous lin-28(n719)
via its Muv phenotype and then homozygous let-23(sa62) via the linked Unc
mutation. lin-28(n719); let-23(sa62) unc-4(e120); Ex[ida-1::GFP] animals are
sterile. We assayed uv1 fate in the homozygous let-23(sa62) progeny from
heterozygous let-23(sa62) hermaphrodites.
We mated lin-14(n179 ts) at 20°C to let-23(sa62) unc-4(e120)/+; Ex[ida-1::
GFP] males and proceeded as above to first isolate lin-14(n179) homozygotes
and then let-23(sa62) homozygotes. To identify homozygous lin-14(n179)
animals, we shifted candidates to 25°C. We transferred back to 20°C to pick the
GFP+, Unc and Muv let-23(sa62) unc-4(e120);lin-14(n179); Ex[ida-1::GFP]
animals. This genotype produces sick and sterile animals at 25°C. So we assayed
uv1 fate in the progeny of gravid hermaphrodites that had been switched to 25°C.
To create ced-4; ku212 double mutants that could be easily scored for the
presence of uv1 cells, we mated inIs179[ida-1::GFP]/+; cog-3(ku212)/+ males
to ced-4(n1162) dpy-17(e164) hermaphrodites. Since ced-4(n1162) III (−2.44)
and dpy-17(e164) III (−2.16) are tightly linked, we picked GFP positive, Dpy,
Egl animals from among the F2 progeny to establish a line of genotype inIs179
[ida-1::GFP]; ced-4(n1162) dpy-17(e164); cog-3(ku212).
Preparation of synchronously growing populations
We obtained populations of staged animals by gathering batches of newly
hatched larvae from collected eggs every 60 to 90 min. To monitor de-
velopmental progression, we periodically examined a subset of animals from
each batch and scored the number of animals that had progressed to or through
various milestones (Fig. 3A): (1) Division of the Pn.p cells; (2) Division of the
Pn.px cells; (3) Division of the Pn.pxx cells; (4) L3 molt; (5) Migration of the
vulA nuclei under vulB; (6) Adoption of the characteristic, mid-L4 “Christmas
tree” morphology by the vulva; and (7) Beginning of vulval eversion. We
performed the synchronization experiment twice with similar results, and
reported data are derived from both experiments.
RNA interference
We targeted the genes clp-1, asp-3 and asp-4 (Syntichaki et al., 2002) for
RNAi by feeding using vectors for expressing double stranded RNA in E. coli.As a control, we also used vector pLT61 (Timmons et al., 2001) to performRNAi
of the unc-22 gene, which has no role in necrotic or apoptotic cell death. Young
adult animals with ida-1::GFP transgenes were transferred to NGM plates
containing 0.2% lactose, 50 μg/ml ampicillin and 12 μg/ml tetracycline and the
appropriate E. coli culture. Their progeny were scored at the young adult stage
for the number of GFP-positive specified uv1 cells.
Results
cog-3(ku212) animals are Egl
We isolated ku212 in a previous screen for mutants with
morphology defects at the vulval–uterine connection (Hanna-
Rose and Han, 1999, 2002). Briefly, we mutagenized wild-type
animals with EMS and selected egg-laying defective (Egl)
mutants from the F2 progeny. We then directly examined
vulval structure in our collection of Egl mutants and selected
ku212 for further analysis. A high percentage of ku212
mutants have recessive egg-laying defects (Table 1) that
correlate with a Cog (connection of gonad defective)
phenotype where no visible channel is opened between the
vulval and uterine lumens by the middle of the fourth larval
stage (mid-L4) (Fig. 2C). Thus, we named the corresponding
gene cog-3. The minority of cog-3(ku212) hermaphrodites that
lay eggs have a small brood relative to N2 (Table 1), and about
32% (n=158) have a large protruding vulva (Pvl) phenotype.
Although no vulval–uterine connection is visible in L4, the
connection between the vulval and uterine lumens is not
completely blocked in adulthood. 93% (n=48) of cog-3
(ku212) hermaphrodites produce cross progeny when mated to
wild-type males. Thus, although eggs may not exit via the
vulva, males can insert sperm.
Uterine lumen formation is delayed relative to vulval
development in cog-3(ku212) mutants
To investigate the cause of the cog-3(ku212) Cog morphol-
ogy and Egl defects, we examined the anatomy and morpho-
genesis of the uterus and the vulva. All 22 vulval cells are
generated at the expected positions (Fig. 2C and data not
shown). The dorsal edge of the vulva appears somewhat
restricted (e.g., Fig. 2C) (a Cog morphology defect) but no
vulval cell nuclei are mis-positioned as seen in other mutants
with abnormal morphology of the most dorsal vulval cell, vulF
(Chamberlin et al., 1997; Hanna-Rose and Han, 2002). We also
Fig. 2. Vulval morphology appears normal in cog-3(ku212) mutants, but development of the uterine lumen is delayed relative to development of the vulval lumen. (A, C,
E, F) Nomarski photomicrographs and (B, D) corresponding fluorescence images (100x objective, lateral view). (A–D) jcIs1[ajm-1::GFP] is used to visualize borders of
vulval toroids (Sharma-Kishore et al., 1999). (A) Awild-typemid-L4 vulva is associatedwith an open and visible uterine lumen and (B) a normal toroidmorphology. (C)
A cog-3(ku212) mid-L4 vulva is associated with no visible uterine lumen in 88% (n=51) of animals, but (D) jcIs1 expression demonstrates that 100% (n=16) of cog-3
(ku212) animals have normal mid-L4 vulva toroid morphology. (E) A cog-3(ku212) mid-L4 stage vulva is associated with a barely visible uterine lumen in 4% of
animals (arrows point to the forming lumen). Only 8% of cog-3(ku212) animals have a normal open and visible lumen (not shown). (F) 100% (n=16) of late-L4 cog-3
(ku212) animals have an open uterine lumen. u, uterine lumen; v, vulval lumen. Scale bar, 10 μm.
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cells of the vulval epithelium (Sharma-Kishore et al., 1999), to
examine cell morphology and fusion in the vulval toroids, and
we could detect no differences between wild-type and ku212
mutant vulvae (n=16) (Figs. 2B, D). Thus, we conclude that
vulval morphogenesis in ku212 mutants produces a vulva with
an apparently normal structure.
In contrast, uterine development is visibly atypical in most
cog-3(ku212) mutants. In wild-type hermaphrodites, uterine
and vulval morphogenesis proceed simultaneously, and 100% of
mid-L4 hermaphrodites have a wide-open lumen visible in each
developing organ (Fig. 2A). However, in ku212 hermaphrodites
with the distinctive mid-L4 vulva, 88% (n=51) have no visible
uterine lumen (Fig. 2C) and another 4% have an abnormally
small uterine lumen (Fig. 2E). The lack of a visible uterine lumen
when the vulval lumen is developing is not a result of failed or
arrested uterinemorphogenesis since a uterine lumen is visible in
43% (n=12) of cog-3(ku212) mutants that are a few hours older
(as judged by vulval morphology) and in 100% (n=16) of lateL4 animals as judged by the initiation of vulval eversion (Fig.
2F). Furthermore, the majority of cog-3(ku212) hermaphrodites
are fertile (Table 1) with eggs enclosed in the uterus, indicating
the presence of a functional uterus in reproductive adulthood.
Thus, uterine lumen morphogenesis is not properly synchro-
nized with vulval development in ku212 mutants. This
observation could result from early initiation or completion of
vulval development, late initiation of uterine morphogenesis or
timely initiation of uterine morphogenesis followed by slow
progression.
Somatic gonad development is mildly delayed in cog-3(ku212)
To begin to distinguish among these possibilities, we syn-
chronized populations of wild-type and cog-3(ku212) animals
and then monitored progression through various developmental
milestones over time (Fig. 3A, see Materials and methods).
Larval development in cog-3(ku212) animals is slightly slow.
Newly hatched cog-3(ku212) animals reach L4 approximately
Fig. 3. cog-3(ku212) mutants develop slightly slower than wild type but do not have precocious vulval development. (A) We synchronized populations of wild-type or
ku212 animals and then monitored development according to seven indicated milestones. (B)We sampled between 10 and 32 animals at various time points (hours post
hatching). At least 50% of the sample (see Table 2 for quantitation of progress of wild-type and mutant samples) first reached the indicated milestone (#1–7) at the times
indicated on the time line for each population, N2 or ku212. (C) The time points for the birth of theπ cells and the division to form theπ progeny are illustrated relative to
the divisions in the vulval P6.p lineage for wild-type (left) and cog-3(ku212) (right) animals. Note that the π progeny are born after the molt in cog-3(ku212) but the time
between divisions is similar in both strains. See Table 3 for quantitative analysis of this delay.
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vulval development is not precocious (Fig. 3B and Table 2). All
vulval cells divide as expected in L3, completing divisions just
prior to the molt (Figs. 3B and 4), and vulval morphogenesis
proceeds during L4 as expected. Thus, we conclude that there is
no early initiation or expedited progression of vulval develop-
ment. Hypodermal seam cells also undergo the expectedTable 2
Quantitation of synchronization data in Fig. 3B
% of sample that had reached indicated milestone as plotted in Fig. 3B




























(n=16)temporal pattern of divisions and terminal differentiation (not
shown). However, we observed that other aspects of somatic
gonad development such as DTC migration (Fig. 4) and
spermathecal development (not shown) were delayed to the
same degree as the uterus relative to the vulva. That is,
development of the uterus, the spermatheca and the general
migration and morphogenesis of gonad shape are temporally
synchronized, but the entire gonad develops with a delay
relative to the extra-gonadal soma. We conclude that the reason
for the lack of temporal coordination between vulval and
uterine development is a late initiation and/or slow progression
of somatic gonadogenesis. These experiments also establish
that we can use vulval development as a marker for de-
velopmental stage in cog-3(ku212) mutants. In the following
experiments, we focus on the consequences of lack of de-
velopmental synchronization between the vulva and the ventral
uterus.
Fig. 4. Gonadal DTC migration is delayed relative to the molt in cog-3(ku212) animals. (A, B, C) An N2 animal at the L3 molt. (A) The animal is expelling cuticle
from the pharynx during molting. (B) The final division in the vulval lineage is occurring. (C) The DTC has migrated dorsally and proximally again. (D, E, F) A cog-3
(ku212) animal at the L3 molt. (D) The animal is expelling cuticle from the pharynx during molting. (E) The final division in the vulval lineage is occurring. (F) The
DTC has not yet migrated dorsally. Gonad migration path is outlined in panels C and F. DTC, distal tip cell. Scale bar, 10 μm.
Table 3
The ventral uterine π lineage is delayed relative to vulval development
Stage of vulval development
1 2 3 4 5 6 7 8
% of animals with π precursors
or generating the π precursors
% of animals with 6 π progeny or

































1. During division of Pn.p
2. Pn.px stage
3. During division of Pn.px cells
4. Pn.pxx stage
5. During or just after division of P6.paa and P6.ppp
6. During or just after division of P6.pap and P6.ppa
7. After L3 molt but prior to migration of vulA nuclei under vulB nuclei
8. After vulA nuclear migration under vulB but before “Christmas tree” stage
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detectably slow
Physical interactions between the vulva and the ventral uterus
are integral to the morphogenesis of the egg-laying apparatus
(Newman et al., 1996). Furthermore, signaling interactions
between the vulva and the ventral uterus control fate
specification of the uv1 cells (Chang et al., 1999). Because of
the lack of temporal synchronization between the two tissues, we
scrutinized development in the ventral uterine π lineage, which
forms two cell types that are integral to the physical and
functional connection between the uterus and the vulva (Fig. 1).
We first monitored π cell divisions in precisely staged ani-
mals. We used DIC microscopy to identify wild-type and ku212
animals at progressive time-points in L3 lethargus or immedi-
ately after the L3 molt using vulval developmental stage and
evidence of molting as cues (Table 3). We then scored π cell
number, position and morphology in each animal. As expected
from the observed global delay in gonad morphogenesis, the
ventral uterine intermediate precursor cells divided to generate
the sixπ lineage cells (three per side of the animal) at a later stage
of vulval development in ku212 mutants than in N2. In N2, the
six π lineage cells are born shortly after the division of the Pn.p
cells. In ku212 mutants, they are born during or just after the
division of the Pn.px cells (Table 3 and Fig. 3C). Furthermore,
the single division that produces the π progeny was displaced
from L3 lethargus during the final division in the vulval lineage
in N2 (division of P6.pap and P6.ppa cells) until after the L3molt
in cog-3(ku212) (Table 3 and Fig. 3C). Nonetheless, the time
between generation of π lineage cells and division to form π
progeny was consistent between wild type and ku212 mutants
(∼3.5 h), indicating that the cell cycle length of π cells is not
drastically different in cog-3(ku212) versus N2. The observationthat the π cells are born and divide at a later stage in ku212
relative to N2 was confirmed using animals bearing the kuIs29
transgene that encodes a transcriptional fusion of the egl-13
promoter to GFP and, within the uterus, is expressed only in the
ventral uterine π lineage (Hanna-Rose and Han, 1999), allowing
us to monitor both π cell divisions and π cell nuclei behavior via
fluorescence microscopy (data not shown).
cog-3(ku212) animals do not have uv1 cells
We also examined fate specification and cell differentiation of
the two cell types in the π lineage during temporally delayed
uterine morphogenesis in cog-3(ku212) mutants. We assayed
utse cell fate by (1) migration of utse nuclei to positions distal to
the vulva (Newman et al., 1996) and (2) fusion of the AC to the
605L. Huang, W. Hanna-Rose / Developmental Biology 300 (2006) 599–611utse cell, which can be detected by changes in morphology of the
AC and change in expression of cdh-3::GFP (Hanna-Rose and
Han, 1999, 2002). We found that utse cell fate is not obviously
disrupted; the utse cell nuclei migrate to positions distal to the
vulva and the AC ultimately fuses to the utse cell in more than
90% of animals (Fig. 5 and data not shown).
We assayed uv1 fate by (1) adoption of the characteristic
position near vulF because they do not migrate with the other π
nuclei, (2) expression of the early pre-uv1 marker let-23::GFP
and (3) strong expression of the terminal differentiation markerFig. 5. utse cell differentiation is intact, but uv1 cells do not fully differentiate in co
corresponding fluorescence images (lateral views). (A, B) Awild-type early L4 anim
bright cdh-3::GFP in the AC, which would be typical of the pre-fusion AC. (C, D) A
expression of cdh-3::GFP is noted with brackets. (E, F) inIs179[ida-1::GFP], young a
positive HSN (hermaphrodite specific neuron) is also visible (arrowhead). (G, H) inIs
the uterus. The GFP positive HSN is visible. Arrows, uv1s. arrowheads, HSN. Scaleida-1::GFP. Like wild type, cog-3(ku212) mutants at mid-L4
have four π nuclei with the characteristic pre-uv1 cell
morphology in the expected position near vulF (Figs. 6A, C).
These four cells also express the pre-uv1 marker let-23::GFP
(Figs. 6B, D). However, 89% of ku212 mutants never have
uterine ida-1::GFP expression (Figs. 5G, H and Table 4). ida-1::
GFP expression outside the gonad appears unaffected (not
shown). Only 11% of mutant animals have one or two cells that
express uncharacteristically low levels of ida-1::GFP, but we
found no cog-3(ku212) mutants with the expected four GFP-g-3(ku212) mutants. (A, C, E, G) Nomarski photomicrographs and (B, D, F, H)
al in the process of AC-utse fusion, showing cdh-3::GFP in the utse cell but no
kuIs38; cog-3(ku212) early L4 animal with similar expression pattern. utse cell
dult stage. Two GFP positive uv1 cells are visible on this side (arrows). The GFP
179[ida-1::GFP]; ku212, young adult stage. No GFP positive cells are present in
bar, 10 μm.
Fig. 6. Pre-uv1 cells are specified but subsequently die in cog-3(ku212) mutants. (A, C, E, I) Nomarski photomicrographs and (B, D, F, J) corresponding fluorescence
images (lateral views). Early to mid-L4 (A, B), wild-type and (C, D) cog-3(ku212) hermaphrodites with the syEx234[let-23::GFP] transgene. Two pre-uv1s (arrows)
are always observed near vulF (stars) in both wild-type and mutant animals. let-23::GFP expression is on the surface of pre-uv1 cells in (B) wild type and (D) mutant.
(E) A degenerating cell occupies the position of the pre-uv1 cell in a cog-3(ku212); syEx234[let-23::GFP] animal at the mid-L4 stage (F) and let-23::GFP is detected in
this degenerating cell as well as its posterior partner. (G, H) Left and right lateral sides of a mid-L4 cog-3(ku212) animal with two degenerating uv1 cells on each side.
Degenerating uv1 cells are visible in at least 77% (n=26) of mutants at the late L4 stage. (I, J) let-23::GFP is typically detected in pre-uv1 cells in lin-28(n719) early L4
animals. Arrows, pre-uv1 cells. Scale bar, 10 μm.
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cells fully differentiate as measured by ida-1::GFP expression in
young adulthood, indicating that uv1 cell fate specification is
severely defective (Table 4). Upon closer inspection, we
observed that the established “pre-uv1” cells near vulF swell
dramatically and die in L4. Death occurs prior to the period when
ida-1::GFP is strongly expressed, explaining the lack of
expression of this marker (Figs. 6E–H). Thus, cog-3(ku212)
animals have a “pre-uv1” cell population that subsequently dies
around the late L4 stage prior to full differentiation, leading to a
recessive, highly penetrant lack of uv1 cells by adulthood. We
have not noticed other dying cells at stages we have carefully
examined (through the beginning of adulthood).
The dying uv1 cells have a swollen appearance that is cha-
racteristic of necrotic cells. Two distinct classes of proteases, (a)
the calcium-regulated, calpain proteases CLP-1 and TRA-3 and
(b) the aspartyl proteases ASP-3 and ASP-4, promote neuronal
necrosis in C. elegans. Knocking down the expression of the
asp-3, asp-4, clp-1 or tra-3 genes by RNA interference
(RNAi) can suppress neuronal necrotic cell death caused by
deleterious mutations (Syntichaki et al., 2002). Similarly, RNAi
of clp-1, asp-3 or asp-4 can partially suppress uv1 death in cog-
3(ku212) animals (Table 5). The pro-apoptotic protein CED-4 is
required for apoptosis in C. elegans (Conradt and Xue, October
06, 2005; Ellis and Horvitz, 1986). Mutation of ced-4 has no
effect on uv1 death induced by the ku212 mutation (Table 5).
Thus, we conclude that the cell death is via necrosis and isunlikely to be an apoptotic response. This result also indicates
that if death of the pre-uv1 cells can be avoided, there is nothing
intrinsically wrong with at least a proportion of the cells in the
ku212 mutant, allowing full differentiation to uv1 fate.
A gain-of-function mutation of let-23 or ectopic temporal and
spatial expression of LIN-3 can rescue the ku212 uv1 defect
Because activation of the LET-23 receptor on the uv1 cells
occurs in response to LIN-3 signal expressed by the vulva
(Chang et al., 1999) and because vulval and uterine development
are not temporally synchronized in cog-3(ku212), we investi-
gated if a signaling defect might underlie the uv1 defect in cog-3
(ku212). We specifically asked if increased LET-23 signal could
restore uv1 cell differentiation and prevent uv1 death in cog-3
(ku212) mutants by constructing cog-3(ku212) double mutants
with a gain-of-function allele of let-23, sa62 (Katz et al., 1996).
let-23(sa62 gf) increases the rate of uv1 cell specification in a
cog-3(ku212) mutant background from 4% to 87% (Table 4).
The let-23(gf) mutation does not rescue the temporal delay (not
shown), as expected if the proposed signaling defect is
downstream of the temporal problem. These results imply that
the uv1 death phenotype may be a result of compromised
signaling, that cog-3(ku212) is unlikely to function directly
downstream of let-23 in uv1 fate specification, and again that
there is no intrinsic problem in the π lineage to prevent fate
specification in the mutant background.
Table 4
cog-3(ku212) has a uv1 fate specification defect that is rescued by increased LET-23/LIN-3 signaling
Genotype % of animals with indicated # of uv1 cells % specified n
4 3 2 1 0 uv1s
a
inIs179[ida-1::GFP] 100 0 0 0 0 100 25
inIs179[ida-1::GFP]; cog-3(ku212) 0 0 3 8 89 4 63
let-23(sa62); Ex[ida-1::GFP] 100 0 0 0 0 100 26
let-23(sa62); cog-3(ku212); Ex[ida-1::GFP] 71 17 6 3 4 87 72
inIs179[ida-1::GFP]; unc-119; cog-3(ku212) heat shock of early L4 0 4 4 4 88 6 27
inIs179[ida-1::GFP]; unc-119; cog-3(ku212); psEx75[hs::lin-3extra]
heat shock of L2
0 5 0 5 90 5 21
inIs179[ida-1::GFP]; unc-119; cog-3(ku212); psEx75[hs::lin-3extra]
heat shock of early L4
10 33 12 18 27 44 49
inIs179[ida-1::GFP]; unc-119; egl-38(n578) heat shock of L2 0 0 0 20 80 5 30
inIs179[ida-1::GFP]; unc-119; egl-38(n578); psEx74[hs::lin-3extra]
heat shock of L2
48 36 8 0 8 79 25
inIs179[ida-1::GFP]; unc-119; egl-38(n578); psEx74[hs::lin-3extra]
heat shock of L4
50 9 5 9 27 61 22
inIs179[ida-1::GFP]; lin-14(n179) at 25°C 0 0 0 0 100 0 28
lin-28(n719); inIs179[ida-1::GFP] 0 0 0 0 100 0 31
Post dauer
inIs179[ida-1::GFP]; lin-14(n179) at 25°C 62 13 13 6 6 80 16
lin-28(n719);inIs179[ida-1::GFP] 89 11 0 0 0 97 9
inIs179[ida-1::GFP]; cog-3(ku212) 0 12 16 4 68 32 25
a % specified= total number of uv1s specified /n×4 (number of uv1s per animal)×100%.
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(ku212) mutants using GFP fusions. We detect lin-3::GFP
expression in vulF cells and let-23::GFP in presumptive uv1
cells by mid-L4 when the vulva has reached the characteristic
“Christmas tree” stage in cog-3(ku212) hermaphrodites and in
wild-type animals (Figs. 6 and 7). Expression of the receptor and
signal GFP fusions appears to overlap temporally in the mutant
as in wild type. Thus, although increased signaling rescues the
phenotype, the possibility for signaling to occur in mutants still
exists (see Discussion).
We hypothesize that compromised LIN-3–LET-23 signaling
in cog-3(ku212) mutants may cause uv1 cell death since a gain-
of function mutation in let-23 can restore uv1 cells in these
mutants. To further investigate this hypothesis, we tested if
appropriate timing of LIN-3 signal expression can also suppress
the uv1 defect in cog-3(ku212) animals. LIN-3 is an epidermal
growth factor (EGF)-like signal that is produced as a trans-
membrane precursor. Overexpression of the extracellular, bio-
logically active region of LIN-3 under the control of heat shockTable 5
The uv1 cell death in cog-3(ku212) mutants is likely due to necrosis, not
apoptosis















2 68promoter (hs::lin-3extra) induces extra cells in the vulval
equivalence group to adopt vulval fates and causes a multivulva
(Muv) phenotype (Katz et al., 1995).
We created ida-1::GFP; cog-3(ku212) animals with trans-
genic arrays encoding hs::lin-3extra. We selected transgenic
early L4 animals, induced the heat shock promoter and scored
treated animals for ida-1::GFP-positive uv1 cells (see Materials
and methods). We observed an increased rate of specified uv1
cells and a corresponding decrease in the percentage of the
population that totally lacks uv1 cells from almost 90% to 27%
(Table 4), suggesting again that increased signaling can prevent
uv1 cells from dying. When we used the same heat shock
regimen on animals at the L2 stage, we could detect activity of
the transgene (animals were multivulva due to induction of extra
vulval precursor cells), but the survival and the differentiation of
uv1 cells are not affected (Table 4). Interestingly, although heat
shock of L2 animals did not rescue the uv1 defect in cog-3
(ku212) animals, it did effectively rescue the uv1 defect of egl-
38(n578) animals (Table 4). In fact, heat shock of egl-38(n578)
animals at L2 was more effective at rescuing egl-38(n578) than
applying heat shock to L4 animals (Table 4). We interpret this to
mean that there is a difference in the nature of the signaling
defect between egl-38 and cog-3(ku212) (see Discussion).
lin-14 and lin-28 heterochronic mutants do not have uv1 cells
A delay in the development of the ventral uterine π lineage
relative to the vulva may result in a decreased level or duration of
reciprocal EGF signaling back the ventral uterus. If such a
signaling defect accounts for the lack of uv1 cells, we predicted
that heterochronic mutants with precocious vulval development
[e.g., lin-14(n179ts) and lin-28(n719)] might also lack uv1
cells. As predicted, inIs179[ida-1::GFP]; lin-14(n179) at the
Fig. 7. cog-3(ku212) and lin-28(n719) animals express lin-3::GFP in the vulva. (A, C, E) Nomarski photomicrographs and (B, D, F) corresponding fluorescence images,
lateral views. lin-3::GFP is always observed in vulF of mid-L4 (A, B) wild-type animals, (C, D) cog-3(ku212) animals and (E, F) lin-28(n719) L3 animals with the
syIs107[lin-3::GFP] transgene. In lin-28 mutants, the anchor which also expresses lin-3::GFP has not yet fused with the utse at the L3 stage. Arrows: vulF cells;
arrowheads: anchor cells. Scale bar, 10 μm.
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GFP] have no GFP-positive uterine cells indicating that the uv1
cell fate is not specified (Table 4). π specification is intact in
these mutants as evidenced by expression of π marker egl-13::
GFP (not shown), but let-23(gf) does not rescue the uv1 defect
in these animals (not shown). Both the LIN-3 signal and the
LET-23 receptor are expressed in lin-28(n719) mutants (Figs 6
and 7). lin-3::GFP expression is expressed in L3 during
precocious vulval development as expected. let-23::GFP-
expressing pre-uv1 cells are present in L4 but occupy unusual
adjacent positions in lin-28 mutants compared to wild-type
animals (Figs. 6I, J). In general, the uterine tissue appears
compacted in these mutants, and due to the severe protruding
vulva phenotype where much of the uterine tissue is extruded
through the vulva during L4, we were not able to follow the fate
of these pre-uv1 cells. Thus, we are not sure if the lack of uv1
cells is due to a uv1 to utse transformation or untimely death of
the pre-uv1 cells. Note that the temporal defect in these
precocious vulva mutants (a whole larval stage) is much more
drastic than the temporal defect of cog-3(ku212) (a few hours).
Interestingly, passage through dauer rescues certain hetero-
chronic phenotypes of lin-14 and lin-28 (Euling and Ambros,1996), and the post-dauer uv1 defect of lin-14(n179ts) and lin-
28(n719) mutants is reduced (Table 4). Passage through the
dauer stage can also increase the proportion of the Egl+ animals
in a cog-3(ku212) population to 68% (n=57), the incidence of
synchronous vulval and uterine development to 63% (n=19)
and can dramatically reduce the proportion of the population
that totally lacks uv1 cells (Table 4).
Discussion
A delay in initiation or slow progression of gonadogenesis
results in an obvious lack of synchronization between vulval
and uterine organogenesis in cog-3(ku212) mutants. Although
larval development of cog-3(ku212) animals is 10% to 15%
slower than wild type at 20°C, the gonad is temporally delayed
relative to other tissues by approximately two additional hours
by L4 (Figs. 2 and 3C). We did not assess embryonic
development. We suggest that the lack of developmental
coordination between the vulva and the uterus arises from a
particular sensitivity of the gonad to the slowing effect of cog-3
(ku212) or a separate and additional effect of cog-3(ku212)
specifically on the gonad.
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in development of the egg-laying apparatus
cog-3(ku212) mutants have recessive fate determination
defects in the uterine π lineage. Although function of the utse
cell is intact (Fig. 5) and pre-uv1 cells are specified (Fig. 6),
most cog-3(ku212) mutants have no cells that express the
terminal uv1 cell fate marker ida-1::GFP because the pre-uv1
cells die by late L4 (Figs. 5 and 6). We hypothesize that the
uv1 defect could arise from inadequate vulva–uterine signaling
due to the temporal delay. This hypothesis is supported by (1)
rescue of the uv1 defect with a gain-of-function mutation in the
LET-23 receptor, (2) rescue of the uv1 defect with appropri-
ately timed expression of LIN-3extra and (3) the lack of uv1
cells in other mutants with asynchronous vulval and uterine
development.
Our hypothesis is consistent with the current model for
uv1 fate specification: transient expression of LIN-3 by vulF
induces uv1 fate in four π cells that express LET-23
(Chamberlin et al., 1997; Chang et al., 1999; Hwang and
Sternberg, 2004). Lack of expression of the LIN-3 signal in
the primary vulval cells or a failure to recognize or respond
to the signal by the ventral outer π progeny cells causes a
uv1 to utse transformation where the presumptive uv1s do
not maintain their positions near the vulva. Instead, their
nuclei migrate distally with the rest of the π progeny nuclei
(Chamberlin et al., 1997; Chang et al., 1999; Hwang and
Sternberg, 2004). For example, in some egl-38 mutants, vulF
cells produce no LIN-3 (expression in other cells is
unaffected) and uv1 cells are transformed to a utse cell fate
(Chamberlin et al., 1997; Chang et al., 1999; Hwang and
Sternberg, 2004). Similarly, loss of let-23 or compromised
let-60 ras signaling causes a uv1 to utse fate transformation
(Chamberlin et al., 1997; Chang et al., 1999; Hwang and
Sternberg, 2004). These data suggest that the utse fate is the
default fate in the absence of the lin-3 signal or the loss of
its reception or transduction within the π lineage.
We speculate that the vulval-derived LIN-3 signal may no
longer be fully active or expressed at the appropriate level by
the time π cells are differentiating in the cog-3(ku212)-delayed
gonad. The expression and temporal overlap of lin-3(EGF) and
let-23(EGFR) GFP reporters are at least partially preserved in
cog-3(ku212) (Figs. 6 and 7), but the relative stability of the
GFP fusions versus the native proteins is not known. Thus, it is
still possible that expression of the signal and receptor in cog-3
(ku212) does not overlap to the same degree as in wild type. In
fact, our working model to explain the cog-3(ku212) phenotype
supposes that some signal is received by the uv1 precursors,
accounting for the difference in phenotype compared to egl-38
(n578) mutants. egl-38(n578) mutants have a uv1-utse
transformation, but the pre-uv1 cells die in cog-3(ku212).
Thus, we suggest that in wild type an initial signal acts to
prevent the four outer ventral π progeny cells from adopting
the utse cell fate and that a subsequent event ensures full uv1
differentiation. The first event involves LIN-3–LET-23 signal-
ing because loss-of-function in this pathway results in uv1 to
utse transformations. The second event also likely involvesLET-23 signaling because let-23(gf) or LIN-3extra expression
rescues cog-3(ku212) uv1 defects (Table 4). The second event
could be a result of a distinct level of signaling or the
appropriate duration of signal. Different levels of LIN-3
signaling can cause different outcomes in vulval precursor
cell differentiation during development of the C. elegans egg-
laying apparatus (Katz et al., 1995). Our model that uv1
differentiation defects can arise in response to temporal mis-
regulation of vulval and uterine organogenesis is also
consistent with the lack of uv1 cells in the lin-14 and lin-28
heterochronic mutants with precocious vulval development.
The cog-3(ku212) mutant phenotype suggests that the
absence or failure of this second event leads to death, which
may help to extend our understanding about uv1 cell fate
specification and the consequences of EGF-like signaling.
Necrosis in response to tissue injury (e.g., trauma or lack of
oxygen) is easily observed in C. elegans and can be genetically
induced, most commonly within the nervous system, by gain-
of-function mutations in degenerin proteins that disrupt ion
homeostasis (Syntichaki and Tavernarakis, 2002). Non-neuro-
nal cell types are hypothesized to be less sensitive to this type
of induced necrosis (Harbinder et al., 1997). Although the
exact nature and function of the uv1 cells is unknown, they
have some neuronal characteristics, perhaps rendering them
sensitive to a neurodegenerative-like program; they contain
neurosecretory vesicles, express some neuronal markers (Nonet
et al., 1993; Saifee et al., 1998; Schinkmann and Li, 1992;
Zahn et al., 2001) and are hypothesized to be tyraminergic
signaling cells (Alkema et al., 2005). Alternatively, we may be
observing death as a result of incomplete differentiation similar
to that caused by certain mutations in lin-26, which is required
for epithelial cell differentiation in C. elegans. Some lin-26
mutants result in less than fully differentiated hypodermal cells
that vacuolate and die during embryogenesis (Labouesse et al.,
1994).
The cog-3(ku212) mutation is fully recessive for the Egl
phenotype and can be rescued with a low copy YAC-bearing
transgene (LH and WHR unpublished). Thus, it would be
consistent with a reduction-of-function allele. Alternatively,
cog-3(ku212) could have mild gain-of-function or neomorphic
properties that are counteracted or prevented by an equal
amount of wild-type protein. This proposed neomorphic
function could adversely affect the uv1 cells and could occur
independently of any signaling defect. In this model, increased
LET-23 signal transduction would bypass the defect and permit
cells to avoid death. If this model describes cog-3(ku212)
function, then egl-38(n578) and ku212 would have quite
different effects on uv1 fate specification as opposed to each
affecting signaling at two different times. We suggest that the
distinct temporal constraints of hs::LIN-3extra rescuing activity
when comparing cog-3(ku212) to egl-38(n578) support the
signaling model. However, the different efficiencies with
which we observe LIN-3extra rescue of egl-38(n578) and
cog-3(ku212) could support the second model. Because let-23
constitutive mutations rescue the uv1defects, we believe that
there are no intrinsic problems in cog-3(ku212) uv1 cells
preventing their differentiation.
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affect temporal coordination?
uv1 cells form an integral part of the egg-laying apparatus.
They lie directly between vulF and the utse cell, both of
which are required for establishing the connection between
the vulval and uterine lumens. However, the function of the
uv1 cells and their contributions to egg laying are unclear. It
is unlikely that they are absolutely required for egg laying.
Known uv1-defective mutants are Egl, but these mutants
either affect (1) the LIN-3–LET-23 pathway and, thus, also
cause vulval differentiation defects, (2) otherwise affect vulval
morphology (e.g., egl-38) or (3) affect the π lineage in
general and, thus, also have utse cell defects (Chamberlin et
al., 1997; Chang et al., 1999; Newman et al., 2000). These
associated defects are sufficient to explain any Egl pheno-
types in previously known uv1 defective mutants. In the case
of cog-3(ku212), the uv1 defect is more penetrant than the
Egl and Ste defects combined and a gain-of-function mutation
of let-23 can efficiently restore the uv1 defect in cog-3
(ku212) mutants (Table 4) but only weakly restores egg-
laying ability (not shown). Because others have published a
similar lack of correlation between the presence of uv1 cells
and egg-laying activity (Chang et al., 1999), we conclude that
fully differentiated uv1 cells may only partially contribute
positively to egg-laying ability in culture if at all. Other
unknown defects in the function of the egg-laying apparatus
of cog-3(ku212) mutants are likely. Because most cog-3
(ku212) animals can mate, we speculate that the connection
between the vulval and uterine lumens is not completely
occluded. We will be testing the idea that temporally
uncoordinated uterine and vulval development and/or the
dramatic death of the uv1 cells could lead to an abnormal
uterine–vulval connection or a minor blockage that can be
penetrated by mating.
cog-3(ku212) exhibits a temporal delay in somatic gonad
development relative to the extra-gonadal tissues. Since larval
development is slightly slow, we speculate that the gonad may
be preferentially affected and may be developing at an even
slightly slower pace, resulting in a discrepancy of a couple of
hours by L4. We did not detect drastically slow cell cycles in
the π lineage in this analysis, but accumulation of a subtle
delay could account for the hours of delay by L4. This cog-3
(ku212)-related temporal defect is unlike the effect seen in
many heterochronic mutants since there is no wholesale
movement of gonadogenesis programs from one stage to
another. Furthermore, heterochronic mutants do not have slow
larval development in general. Nonetheless, both the cog-3
(ku212) mutation and heterochronic mutations with precocious
vulval development result in the uncoupling of gonadogenesis
from its progression relative to the extra-gonadal tissues and a
corresponding lack of synchronization between vulval and
uterine morphogenesis. Post-dauer lin-14 and lin-28 mutants
have less penetrant heterochronic defects (Euling and Ambros,
1996) and less penetrant uv1 defective phenotypes (Table 4).
Interestingly, the dauer program has similar although less
robust effects on cog-3(ku212) phenotypes.Acknowledgments
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